Abstract-We describe degenerate four-wave mixing experiments on ZnSe and CdTe semiconductor samples with picosecond laser pulses at wavelengths below the bandgap. Nonlinearities of third, fifth, and seventh order are observed and the mechanisms for each are identified. In all of our measurements, we observe a fast third order nonlinearity. For two-photon absorbers, this is attributed to contributions from both the real (refractive) and imaginary (absorptive) parts of the thirdorder susceptibility. Below the two-photon absorption edge, the nonlinearity is purely refractive. The higher order effects are due to carriers generated by multiphoton excitation. In ZnSe at 0.532 f!m, carriers are generated by two-photon absorption such that a fifth order nonlinearity arises from the change in index due to these carriers, a sequential x(J): x(l) nonlinearity. From such measurements we determine the refractive index change per photoexcited carrier pair and the density dependence of the carrier diffusion coefficient. Analogous signals are observed in CdTe at 1.064 f!m. The seventh order nonlinearity observed in ZnSe at 1.064 f!m results from the refractive index contribution of carriers generated by three-photon absorption.
surements, allows us to extract the real part of the susceptibility which corresponds to the nonlinear refraction.
We also observe a rapid third order nonlinear effect which is dominant at low incident irradiances in both semiconductors when all three beams are temporally coincident (zero delay). Fifth and seventh order nonlinear effects are evident, depending on wavelength, when the gratings are probed at time delays greater than the pulsewidth to eliminate the signal from the fast third order effect. These higher order refractive nonlinearities are attributed to the refractive effect of carriers generated by 2PA (fifth order) and 3PA (seventh order). Most of the experiments discussed here consist of the generation of a modulated carrier density or carrier grating created by interfering two of the three beams made coincident in the semiconductor sample. Diffraction of a third beam from this grating produces a DFWM signal yielding information on the nonlinearities resulting from the photogenerated carriers and their decay mechanisms [2] , [3] . Decay of this signal, which is the phase conjugate of one of the two interfering beams, takes place due to carrier diffusion and recombination. An expression for the diffraction efficiency at long temporal delays is obtained from coupledwave theory [4] . This expression leads to a calculation of the index of refraction change per carrier pair per unit volume generated via 2PA in ZnSe at 0.532 ,urn. Measurements of the grating decay for several pump-probe angles gives values for the carrier diffusion and recombination lifetimes in ZnSe at 0.532 ,urn.
After describing the experimental techniques in Section II, we identify in Section III-A the dominant nonlinearities in the two materials ZnSe and CdTe. We determine these to be fast third order nonlinearities, due to the same processes which give rise to the effects of bound-electronic refraction and two-photon absorption, while higher order effects are due to free-carrier refraction. In Section III-B we describe our measurements of the absolute magnitude of the combined third order susceptibilities. Studies of higher order effects due to free-carrier gratings are discussed in Section III-C. In order to obtain a quantitative measurement of the carrier induced nonlinearities, in Section IU-D we develop an expression for the diffraction efficiency of these carrier gratings and hence find a value for the free-carrier refractive index coefficient in ZnSe. By measuring the angular dependence of the grating decay, we determine the carrier diffusion coefficient as a function of carrier density. IL EXPERIMENTAL TECHNIQUE In our experiments the "backward" DFWM geometry is used. A schematic of the experimental geometry using single 43 ps (FWHM) 1.064 p.m pulses, or 30 ps (FWHM) 0.532 p.m pulses is shown in Fig. 1 . The picosecond, Gaussian spatial profile pulses are derived from a Qswitched mode-locked Nd: Y AG laser system operating at 1.064 p.m. An electrooptic switch between the oscillator and amplifier ensures single pulse performance. A second-harmonic crystal (KDP) produces the 0.532 p.m pulses. This single pulse is divided into three pulses which, after passing through variable time delays, are incident on the semiconductor samples. The three pulses can be independently adjusted in amplitude and polarization using half-wave plate and polarizer combinations. Two strong beams, forward (£ 1 ) and backward (Eb) pumps, of approximately equal irradiance are incident on the semiconductor from counterpropagating directions. A weaker beam, the probe (Ep), is incident on the sample at an angle () with respect to £ 1 . The grating spacing determined from the angle () can be varied from 1.2 to 8 p.m for the experiments at 0.532 p.m. At 1.064 p.m the grating spacing is fixed at 8 p.m. The conjugate wave £ 0 which retraces the path of EP, is detected by a large area integrating photodiode as are various reference beams. These detectors are calibrated against pyroelectric energy monitors. All pulsewidths quoted are measured by autocorrelation using a second-harmonic generator, while all quoted spot sizes were measured in both horizontal and vertical directions at the sample position by the method of scanning pinholes.
The samples used in this series of experiments consist of zincblende, chemical-vapor-deposition-grown polycrystalline samples ofZnSe and CdTe [5] . The ZnSe sample was 3 mm thick and the CdTe was 2 mm thick.
IlL RESULTS AND DISCUSSION

A. Identification of the Nonlinear Processes
Using pulses at 0.532 p.m, the DFWM signal in ZnSe was monitored as a function of input energy and pulse delay for different combinations of the polarization of the three input beams. Fig. 2 Fig. 2 . Near zero delay, a large rapidly decaying signal is seen, while at longer delays, we observe a more slowly decaying signal. To better understand the two nonlinear regimes, irradiance dependence experiments were performed at different delays. Fig. 3 shows a log-log plot of the DFWM signal versus the total input irradiance, (all three input beams were varied simultaneously) at two different delay times. Fig. 3(a) shows the irradiance dependence at zero delay. The least-squares fit gives a power dependence of / 3 · 2 ± 0 · 2 , indicative of a third order nonlinearity dominant at the zero delay peak. Fig. 3(b) shows the dependence at a delay of 240 ps, with a best fit giving a power dependence of/ 50 ± 0 · 2
• The fifth order dependence of the DFWM signal on the input beams can be explained by 2PA induced carrier refraction. This mechanism can be viewed as a two step process. First, a modulated carrier density is generated via 2PA; this is an Im {x < 3 l} effect. Second, a third beam diffracts off the carrier modulation; this is a Re {x (I)} effect. Hence, the mechanism is a sequential x < 3 l : x < 1 ) process that appears as an overall fifth order nonlinearity [ 6] . Studies in CdTe at 1.06 p.m, where this material exhibits 2PA, reveal the same basic behavior, i.e., a fast third order signal followed by a slowly decaying fifth order signal.
B. Fast Third Order Nonlinearity
The third order effect observed near zero delay, as can be seen from Fig. 2 , decays within the 30 ps pulsewidth, and appears unchanged when the pump-probe angle is varied. As DFWM is sensitive only to the absolute value of x < 3 l, this third order signal may arise from both the real and imaginary parts of the susceptibility, x ~) and x ) 
where Eo is the permittivity of free space, n 0 is the linear refractive index, and c is the speed of light in vacuum.
Here n 2 and x < 3 ) are expressed in esu, and all other parameters are in MKS units. We can estimate the magnitude of n 2 from measurements of the DFWM reflectivity Ec where fc and fp are the energies of the conjugate and probe pulses, respectively. In the degenerate case for small reflectivity and in the "undepleted" pumps approximation the third order susceptibility is given by [7)
w L Ilb IP (3) where I is the peak irradiance for each beam, n is the linear refractive index, and L is the sample thickness. In (3), the ratio of irradiances is given by (4) For ZnSe n = 2. 10] hence at these irradiance levels losses due to 2PA are less than 6%, so that the undepleted pumps approximation is valid. This gives for ZnSe:
where the estimated total absolute error in our measurement is estimated to be ± 30%. Substituting {3 2 in (2) gives
x?l = 6.4 x 10-12 esu. As this is much smaller than our measured value, this indicates that there must also be a significant real component to x (3) . Using
Jy we obtain lx~ll = 1.8 x 10-12 esu. Thus, the effect of the 2PA contribution to the DFWM signal is negligibly small, given our estimated errors of ±30%. Expressing the measured lx~ll in terms of n 2 as ln 2 1 = 4.2 X 10-11 esu, we find this is in close agreement with the results of references [1], [8] who measured n 2 = -4.4 x 10-11 esu. using the Z-scan technique.
In order to further investigate the nature of this fast third order susceptibility, we also performed DFWM experiments in polycrystalline CdTe at 1.064 ~m. CdTe exhibits 2PA at this wavelength. By measuring the conjugate signal in CdTe versus the delay of the backward pump, using the same configuration as for ZnSe except using 1.064 ~m, we see results similar to those shown in Figs. 2 and 3 for ZnSe. At zero delay we find that the signal varies as / agreement with Z-scan results, which gave -2 X w-to esu [8] .
DFWM experiments were also performed in ZnSe at 1.064 ~m where it exhibits three-photon absorption. At irradiance levels below 1 GW I cm 2 per pump only a zero delay peak was observed that varied as / 2 · 8 ± 0 · 3 , indicating the dominance, once again, of a third order nonlinearity. The DFWM signal as a function of delay of the backward pump is shown in Fig. 4 , while in Fig. 5 we show a loglog plot of the irradiance dependence of the signal at zero delay. As the phase-conjugate reflectance measured at this wavelength was very much smaller than 4%, the comparative method used previously for determining x < 3 l could not be used in this case. Therefore, x < 3 l was determined by comparison with the known CS 2 value of n 2 = 1. 3 X 10-11 esu, and hence \xml = 5.6 x w-12 esu. [12] In order to make such a comparative measurement, we must account for differences in refractive index, surface reflectance and lengths of the two samples by using the following relationship [13] lxH~(ZnSe)l 
= --x stgnal ratio ncs2
L~s2 (1 -R)~s2
where R is the surface reflectance and the signal ratio is the ratio of observed conjugate signal energies for ZnSe and CS 2 , respectively. Comparison of the signals from the two materials under identical experimental conditions gives a value of lx< 3 ll = 1.2 ± 0.35 x 10-11 esu for ZnSe at 1.064 ~m. As there is no 2PA in this wavelength region for ZnSe, the imaginary part of x < 3 l is zero. Thus, we can rewrite our result as ln 2 \ = 2.7 ± 0.9 x 10- Backward Pump Delay (ps) esu. This also agrees within errors with Z-scan results, which gave n 2 = + 1.7 x 10-11 esu [8] .
C. Studies of the Carrier Nonlinearities in ZnSe and CdTe
Neglecting diffusion and recombination within the picosecond pulses, [14] the growth of the carrier density N generated in a 2P A semiconductor is governed by
2/iw (6) where {3 2 is the 2PA coefficient. Here we have ignored the z dependence of N which is valid for our experiments in ZnSe at 0.532 ~m where the irradiance is low and, therefore, the 2PA is small (~6% loss). In the DFWM geometry / 2 = (E 1 + Eb + Ep) 4 • We concentrate only on those terms which contain E 1 E; (for the large period grating)andneglecttermsin ~EP\ 2 E;since IEPI << 1£ 1 \, IEbl· Then the component of I effective in producing a grating leading to the DFWM signal is /~ff = (n 0 cE 0 I2) where Kg = kf -kP is the grating wave vector. In the limit of small 0, Kg : : : : : : : 27r0 /A., where A. is the free-space wavelength. Since Ec ex PNu the total irradiance dependence of the DFWM signal is (8) In order to verify this, we measured the DFWM signal in CdTe at 1.064 ttm as a function of If, only with the backward pump delayed by 240 ps. The signal was plotted logarithmically against If and the slope of the resulting straight line was found to be 2.8 ± 0.3 in accordance with (8) .
A similar expression can be obtained when the carriers are generated via a three-photon absorption process. Following an analogous procedure, the end result is a seventh order dependence of the DFWM signal on the input beams as three-photon absorption is an Im x ( 5 ) process. In our experiments in ZnSe at 1.064 Jtm, we find that at higher input irradiances, on the order of 1.2 GW / cm 2 per strong pump, a free-carrier tail became evident. Fig. 6 shows a log-log plot of the irradiance dependence for rb = 240 ps. A best fit gives a dependence of I 6 · 9 ± 0 · 2 , agreeing closely with the power of 7 expected for 3PA induced carrier refraction. Under our experimental conditions with the backward pump delayed, the DFWM signal dependence is (9) 
D. Temporal Evolution of Diffraction Efficiency in ZnSe
In order to determine the refractive index change per excited carrier pair per unit volume, an (units of cm 3 ), we need to measure the diffraction efficiency of the carrier grating in the absence of the third order signal. This necessitates measurement of the DFWM signal at a delay long compared to the pulsewidth. an is thus obtained by fitting the theoretical diffraction efficiency to the measured value. However, to calculate this diffraction efficiency we require a knowledge of the temporal dependence of the density of 2PA-generated carriers N(x, t). fhis is governed by [ 15] /3I~rr(x, t) 2hw (10) where r is the carrier decay time and D is the carrier diffusion coefficient. We use a constant carrier lifetime as the carrier densities in our experiments are several orders of magnitude too low to have significant bimolecular or Auger recombination. This is verified by the / 5 power dependence in our experiments. Since the beam radius is much larger than the grating period we assume the diffusion occurs only in the direction x between grating maxima and minima. Further, we have assumed low excitation such that the spatial amplitude of / 2 does not vary in the propagation direction z, i.e., {3/L << 1 which was true for the irradiance levels used. The solution to the diffusion equation is then
where Tg is the total decay time of the grating, given by [16] . For the sample thickness and grating spacings used, we were always in the thick grating limit. The diffraction efficiency for weak excitation of a thick lossless phase grating was derived by Kogelnik [4] , [17] to be
where fln = anNeff· The energy diffracted into the conjugate beam Ec is then given by temporally and spatially integrating the product of the diffraction efficiency 1J and the beam irradiance incident on the grating giving
where
Here rb accounts for the time delay of the backward pump with respect to the interfering beams. Note for 1J = 1, (13) . gives the energy in the backward pump Eb· Defining 1], as the energy diffraction efficiency, we find
where ~ is the ratio of IP to 1 1 . Note that this derivation is valid only when the beam widths are large compared to the grating period, when the length of interaction of the interfering beams is much larger than the sample thick-..
;;-..s
.. ness, and when absorption of the interacting beams is small. Given {3 2 = 5.5 cmiGW [10] at 532 nm for ZnSe, a numerical fit of (14) yields an and Tg· The experimentally measured value for the diffraction efficiency for ZnSe at 0.532 ~-tm at r = 240 ps is 1J = 6.8
x 10-5 for a pump-probe angle () of 13 o. The grating decay rate r was determined from the best fit exponential decay to th: data at long delays for several input irradiances. Using tP = 18 ps (HW 1 I eM in irradiance), and T g = 247 ps, and numerically integrating (14), we obtain I ani :::::: 5.1 ± 2.5 X 10-21 cm 3 . This is considerably larger than the result of another recent measurement of an that obtained an = -0.8 ± 0.2 X 10- 21 [18] and probably indicates the difficulty of obtaining accurate absolute values of nonlinearities from multiple beam diffraction efficiency measurements. Note that the measurement in [18] showed the sign of an to be negative [3] . The uncertainties stated are relative fitting errors. The absolute error bars on an are estimated to be ::::::50%.
We were also able to extract the density dependence of the carrier diffusion coefficient by measuring the angular dependence of the grating decay time for a number of different pump irradiances and therefore different carrier densities [ 19] . This dependence is plotted in Fig. 8 Is, while below 5 X 10 14 em -J, the diffusion coefficient decreases rapidly. For these densities we do not expect to have any density dependence of either the mobility or the recombination lifetime. We therefore propose that the small diffusion coefficient at low density may be due to trapping of the 2P A excited carriers. As the carrier density is increased, these traps become filled and the diffusion is dominated by the ambipolar mobility. This high density result is comparable to the result of 2.5 ± 0.5 cm 2 Is obtained by Jarasiunas and Gerritsen, but their carrier density is not given [3] . Using data from Hall mobility measurements in ZnSe, [20] we calculate an am bipolar mobility of 26 cm 2 V-1 s -I, corresponding to a diffusion coefficient of 0. 7 cm 2 Is at 300°K. This is in good agreement with our low density measurements, since the Hall mobility measurements are performed with low dopant densities. It should be noted that over the entire range of carrier densities measured, the carrier nonlinearity is fifth order. This rules out the possibility that the traps are filled by linear absorption. These measurements also gave an estimate for the recombination lifetime of TR = 725 ± 275 ps.
IV. CONCLUSION
We have presented a series of picosecond transient DFWM measurements performed in two direct-gap II-VI semiconductors. For ZnSe, large third order nonlinear mechanisms were observed both at 0.532 and 1.064 J-tm. The origin of these fast third order nonlinearities is believed to be due to both two-photon absorption and the bound electronic Kerr effect [8] . The magnitude of the nonlinear susceptibilities found were I x ( ] of the two-photon absorption coefficients in these materials, this indicates that the measured susceptibility in ZnSe at 532 nm and CdTe at I.06 ~-tm is dominated by nonlinear refraction. As there is no 2PA in ZnSe at 1.06 J-tm, we conclude that this susceptibility is entirely refractive. Other data [8] indicates that in ZnSe n 2 is negative at 0.532 ~-tm and positive at 1.064 J-tm, while in CdTe at 1.064 J-tm, n 2 is negative. Higher order nonlinearities (higher than third order) were also observed in both semiconductors. These nonlinearities are attributed to nonlinear absorption induced carrier refraction.
When carriers are excited via the absorption of two photons, we have seen a fifth order dependence of the conjugate field on the input fields as expected. In the same manner, for carrier excitation achieved via the absorption of three photons, an effective seventh order nonlinearity was found.
For ZnSe at 0.532 ~-tm and for low excitation, a value for the index of refraction per carrier pair generated of a 11 =::: 5.1 ± 2.5 X 10-21 cm 3 was estimated. By monitoring the grating decay times for different grating spacings, the density dependence of the diffusion coefficient was extracted.
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